TRANSPORT PROPERTIES OF SEVERAL 
AMORPHOUS SEMICONDUCTORS 



Vi rqi 1 Glenn Cox 






i 

I 




1 



TBAR3P0RT PB0FBRTIB3 OP SEVERAL AMORPHOUS SEMICONDUCTORS 

hy 

Vizsll Glenn ^Cox 

S.B.f Massacbneette Institute of Technology 

(1962) 

SUBMITTED IN PARTIAL FULFILUlBNr OF THE 
REQUIREMENTS FOR THE lEGREE OF 
MASTER OP SCIBNCB 

r £.£j 

at the 

MASSACHUSETTS INSTITUTE OP TECHNOLOGY 



June» 1972 



c irViV 





2 



TRANSPORT PROPERTIES OF SEVERAL AMORPHOUS SEMICONDUCTORS 

Ly 

Virgil G. Cox 

Submitted to the Department of Electrical Engineering on May 12 » 1972 
In partial fulfillment of the requirements for the degree of Master 
of Science. 



ABSTRACT 

Electrical resistivity and thexmoelectrlc power were measured 
for the (l-x)As«Se<iX Sb.Se^ system for x - 0.0, 0.2 and 0.4 over the 
temperature range 25 C to about 190 C. The resistivity activation 
energy and thermoelectric power activation energy were shown to be 
equal to within ei^riaental accuracy for x « 0.0 and 0.2. For 
x*0.4 it is tentatively concluded that the activation energies are 
also the same for both processes » although the possibility of partial 
devitrification of the sample during the experiment precludes a moxe 
definitive statement at this time. 

Samples of (l>x)As 2 SejX Sb 2 Se^ were cut from hollow cylindri- 
cal Ingots. These ingots were prepared by air quenching rotating 
evacuated Vycor cylindrical euipoules iddch contained appropriate mix- 
tures of As» Sb and Se. The samples were placed In a sample holder 
In an evacuated tube in a furnace. A tempei»ture gradient could be 
established by heating one end of the sample holder. Resistivities 
were calculated using the value of the curzrent measured luy an electro- 
meter in series with a battery and the sample. Thermoelectric power 
data were obtained by tising the standard differential technique using 
an electrometer to measure the sample emf and thermocouples to 
measure the temperature gradient. 
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Reslstlvltj activation energies were established to he 

0.94-0.03eV for x - 0.0, 0.84^0. 03eV for x - 0.2 and 0.7^.06eV for 

12 

X ” 0.4. The resistivity was fouM to he 1.8x10 Q cm for x “ 0.0, 
1.7x10^^ n cm for x - 0.2 luad 3. 7x10^ cm for x - 0.4 at 29B^K. The 
thermoelectric power was determined to he positive for all samples 
and have a magnitude of 1.43-.05mV/®K for x - 0.0, l,94-.05mV/®K for 
X « 0.2 and 1.36^»05mV/®K for x • 0.4 at 333^K. The thermoelectric 
activation energies were found to he 1.03-.08eV for x - 0.0, 
.78t.l2eV for x - 0.2 and .49-.10eV for x - 0.4. 

Samples were found to exhibit polarization effects when 
subjected to fields of about 100 volts per centimeter, hut this 
phen<»ienon was not Investigated In detail. 
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Chaptar I 
INTRODUCTION 



Aaorpbous aatarlalsi to dletingulsh them from other clasalfi- 
cations » are simply those materials which display only short range 
atomic order* The word amorphoxis is nomallyt hut not always* assoc- 
iated with solids* vice gels* liquids or vapors. The amorphous state 
is a metastahle state and may he created hy many techniques* including 
vapor deposition* desioating gels* radiating* shearing or reacting 
solids or quenching melts. The last technique* quenching* is most 
commonly associated with glasses. The amorphous glass is also said to 
he in the vitreous state. Nomenclature in this field is still a 
problem. In fact* researchers in the field have not fully agreed as 
yet on a method of classification of non-crystalline solids.^^^ 

Many amorphous materials have been well studied and their prop- 
erties are quite accurately determined. As^Se^ is one example of a 
very heavily studied material with a vitreous semiconducting phase as 
well as a crystalline phase. However* the fact that considerable 
knowledge has been amassed concerning the properties of this material 



does not imply that all questions have been answered. To soie extent 
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this rssults from sxpsrliiental Beasuzessiits which ars Insufficiently 

socursts to test the various theoretical models. Additionally t 

however. It appears that an amorphous material made hy differing 

(2) 

methods and sometimes even hy the same method, ^ ' have different 
properties and this adds additional confusion. 

Though some aspects of the understanding of these materials 
am quite well founded on both theory and experiment, there is no 
definitive theory yet in existence for dealing with disordered 
systems such as amorphous semiconductors \ The lack of long 
range order apparently causes the very concept of lattice waves, 
which was effective in analysing crystalline structures, to break 
down and no satisfactory treatment has been found for dealing with 
the electronic structxire and transport properties of these materlsds. 

Solid amorphous materials ^ure of more than Just academic 
interest since some of them have properties which nay be economically 
exploited. Of special interest in this respect, is the "memory** 

capability of some of semiconductorst this comes in two variations, 

(2) 

the memory switch and the threshold switch ' Each variation has 

its own realm of special application. Threshold switches hold promise 

in the field of electroluminescent displays and in control and logic 

circuitry. Memory switches hold equal promise for use in memory 

( 4 ) 

devices and laser activated switching ^ \ 
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Though oonsldoxable aaountB of data havo boon gathered concern- 
ing soae propertlee of amorphous materials t other areas of Interest 
are relatively unexplored. One such area concerns the effect of 
doping on electrical properties. For example » the addition of 1 % 
silver Is knoMn to cause an Increase In the conductivity of arsenic 
selenlde by four orders of magnitude 

Blsauth selenlde I Sb^Se^, can also be used as a dopant In 
As^Se^ and the combination of these two materials fora an amorphous 
system over a wide range of eonoentratlon. A method for forming 
(l-x)As 2 Se^*x Sb^Se^ samples reoently has been perfected Since 

little Information has been published concerning the properties of 
the system* excepting for x * 0 or 1* It seemed a proper selection 
for the purpose of providing additional knowledge concerning the 
effects of doping on the electrical properties of amorphous materials. 

The objectives of the thesis work* therefore* weres 

(1) To design an apparatus that would be able to be used 
to measure the resistivity* the thermoelectric power 
and the thermal conductivity between 296^K and the 
devitrification temperature of the samples. 

(2) To make several samples of the (l-x)As 2 Se^*x Sls^Se^ 
system and to measure their resistivity* thermoelectric 
power and thermal conductivity. 
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(3) To ovaluata tho results In light of present knowledge 
and theory. 

Chapter II is to provide the reader with nore detailed knowledge 
of the existing experinental and theoretical ruiderstandlng of the 
(l>x) As^Se^’X Sb^Se^ system. Chapter III gives the detailed experi- 
nental and analytical procedures which were used to produce the 
results which an presented in Chapter IV. The sunaary and concLuslons 
are contained in Chapter V» and Chapter VI suggests irttere further woric 
in this ai»a ni£^t be profitable. 
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Chapter II 



PRBVIOUS WORK 



A. General 

1, Electrical Reslstlvltyi 

Considerable theoretical 2 ind esperlnental effort has been ex> 
pended In the study of this property In aaorjhous materials. The 
amorphous state of a material generally heus higher resistivity than 
the csTstalllns state and In the case of semiconductors the Increase 
can be as large as several orders of magnitude. This fact, coupled 
vlth knowledge about the pheuse dlagrast Is sufficient to explain the 

(2) 

basic mechanism behind memory switching In amorphous materials ^ \ 
The primary cause of the other switching device presently being 
studiedf ie» the threshold switch* however* Is a subject of much 
controversy. Sven though more Is known about the electrical re- 
sistivity of amorphous materials than about* e.g.* the thermal 
conductivity* there are many unanswered questions. For example* 
why are the values of electrical resistivity extropolated to Infinite 
temperature the same for corresponding crystalline auod amorphous 
semiconductors* despite the much smaller value of the amorphous 
material at room temperature) why do s<»e amorphous semiconductors 



16 



exhibit n-type Hall effects but p*>t 3 rpe thenoelectrlc powers? 

Bulk chaleogenlde glasses which have been aeasured show an 

e]q>onsntlal dependence of resistivity on teaperature sinilar to 

crystalline naterlals (over the range of tenpexatures covered in this 

e^qperiaent). However, the slope of the logritha of pvs ^ shows 

different "activation" energy than for the crystalline fora of the 

saae aaterial. No unaabiguous uni versed, theoretical explanation has 

( 7 ) 

yet been found for this phenomenon . 

Doping of aaorphous naterlals also presents many riddles* 

Iodine when added to As^Q^j^gGe^j^Te^^ to produce As^^SOj^gGe^j^Te^^l, 
has no aeasurable affect on the resistivity, yet 1^ addition of 
Ag to ^2^3 changes the resistivity b7 about four orders of aag- 
nltude* Arguaeats which explain the lack of response of the 
quaternary ehalcogenide above fail when applied to the binary 
chaleogenlde. 

SoM eoaaents on resistivity, such as those delineated below, 
seen to be well docuaented. 

i) If at«es in some chaleogenlde glass are replaced by heavier 
Isoelectronic atons the resistivity will decrease 

li) The resistivity of a binary chaleogenlde is greater than that 



17 



of a pseudobinaxy 

ill) Electrical conductivity Is electronic and not Ionic and can 

have a contrlljutlon trcn a hopping mechanism via localized 

(7) 

states as the normal Taandllke type of conductivity ^ \ 

Iv) The resistivity changes In accordance with an exponential 
function of (T)”^ or (T)~^ 

2. Thermoelectric Power 

The Seebeefc coefficient or thermoelectric power has Its most 
historical significance In temperature meeisureaent since the voltage 
created by a blmetallc junction (thermocouple) In a temperature 
gradient Is a Seebeck voltaige. In metals this voltage Is quite 
small t l*e.» on the order of microvolts per degree » but In semi- 
conductors It can be as high as several millivolts per degree. 

This large effect can be produced In a semiconductor because the 
charge carders cannot shift as eatslly In a semiconductor as the 
free electron gas In a metal can, therefore, larger Internal fields 
can be t<^erated by the semiconductor. In Intrinsic semiconductors 
In which the mobilities of the holes and electrons are about equal 



the thermoelectric power can be small. It Is In materials that have 
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one carrier relatively lanoMle or suppreaeed by doping that a 
large thezaoeleotrlc power will be found. 

For crystalline materials the theory of thexnoelectrlc power 
Is usually derived from the Bsltzman transport equation. Experi- 
mental and theoretical work on thermoelectric power in crystalllna 
materials has shown that the value Is a slowly varying function of 

temperature (over the temperature covered by this thesis). Gubanov 
has derived an expression for the thermoelectric power for amorphous 

materials. His results Irdlcate that the thermoelectric power 
will have the same slow dependence on temperature as the crystal- 
line materials had but Is expected to be different because of the car- 
rier scattering due to the lack of long-range order. Some ex- 
perimental work has shown that thermoelectric power may Increase as 
short-range order (compositional and positional) decreases. It 
should be pointed out that In light of what Is known today* Gubanov 
overlooked some very Important aspects of the amorphovis semi- 
conductor phenomena and his transport equations cazmot be used ex- 
pliclty. 

Thermoelectric power has been fouzad experimentally to have some 
rather abrupt changes* generally In the form of a local Baximua^^^*^^^ 
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It has heen suggestsd that these might l 3 e explained hy either 
changes In the scattering terms or In the temperature dependent 
changes In the mohlllty. One thing Is alxmdantly clear and that Is 
that the theory does not yet provide unambiguous results or possess 
any ability to predict values In new materials, 

B, (l-x)As^Se^«x Sb^Se^ 

Mixtures of As^Se^ and aaoung the first glasses 

to be known. Until recently howevert the system did not receive 
very much attention except to establish glass forming regions, 
densities and a few Isolated values for resistivity. The 
resistivity, p ,and thermoelectric power, S, were determined to 
be approximately cm and l,lmV/®K In 1957 At that 

time the activation energy for was determined fxcm. the 

temperature dependence of conductivity to be l.OeV, The measure- 
ments put the resistivity of the crystalline higher than the 
vitreous state, a condition which Is now known to be Incorrect as 

(13) 

a result to the work of Uirtioff and Healy ' 

Platakls recently has done a detailed study of several 
of the properties of the (l-x)A 82 Se^.x Sb^Se^ system. His values for 
the resistivity and the activation energy have confirmed that the 




I 
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Yltreous stat« is sore resistive than the crystalline and not less. 
He also measured the following values based on using p>p^ exp[E^kT] 
to analyse his data. 



Sample 


Activation Bnergy*Ep [eV] 


l?£Pc> 


^2^3 


0.975 


-3.6 


0.8As2Se^*0.2Sb2Se^ 


0.86 


-3.^ 


0 , 6As^Se^* 0 ,4Sb.Se» 


0.75 


-2.9 



These activation energies were within a few hundredths of an 
eleotronvolt of being one half the energy gap he measured by 
optical means t which Indicates that the Fermi energy may be very 
near the center of the gap. 

CallaertSf Kagel and Denayer measured an Bp of 0.96eV 
and a log of >3.8 for As^Se^. They also measured the thermoelectric 
power over the range of 293^ to 473^* By fitting their data to 
an expression of the fom 

E 

where 

B • tbemoeleet3rt.c activation energy 

S 

B * a constant* 

Eg - 1.01 t ,05eV and B - -7.08. 



they found 
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Between the conposltlon 

Sb^Se^ there have been very few published results. This most 
likely results from the difficulty In producing a vitreous fom 
except In thin films like those produced by Johnson and Glrdart 

4 

In 1958 * They found a resistivity of 10 Q cm In the crystalline 
7 

state and 10 fl cm In the vitreous state , but no other studies 
were accomplished at that time on the amorphous state. Previous 
work by Bralthw^tlte on cryatalllne Sb^Se^ had established an 
optical energy gap of 0,95^'f which Is reasonably consistent with 

(17) 

the results published by Black ' '' In 1957. Black found a 
conductivity activation energy of 0,7eV and a resistance of 
6X10^ n cm at 283^. He also measured the thermoelectric power 
from 373®K to 523^ ami found that It decreased linearly In 1/T 

from 0.9mV/®K to 0.4mV/^ as the temperature Increased over that 

nui v.i. j ou u AT. ^ (18) quote a value for the 
inmge. Chizhikov and Shchastllvyl ' ' ^ 

resistivity activation energy of crystalline Sb 2 Se^ of 1.2eV, but 
that value seems to be Inconsistent with the other Information 



presented above. 
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ca«ipt©r III 

BXPEBIMBNTAL PROCEDURE 



A« General 

The original motivating force determining the geometry and 

physical lay out of the apparatus mas a desire to measure p(< 

and S for solid hulk materials over the temperaturo range of 296^K 

to 773^K using one sample holder and Its associated leeuls, bed 

plate t etc. It mas anticipated that the resistivity at 29^^K mould 

14 

he on the order of 10 ohm-cmi the thermal conductivity about 
2-5 (deg cm)**^. It mu determined by experiment that the thermal 
conductivity measurements could not be made without modification of 
the apparatus from the conflgtizatlon used for p and S measxirements. 
Figure J|_ shows a profile of the apparatus t exclusive of the modifies^ 
tlons needed for thermal conductivity measurements. These modifications 
were I 

(1) Removal of the leads to the copper blocks. 

( 2 ) Installation of high ©mlsslvlty Insulating separately 
heated blocks on either side of the bed plate. 

(3) Installation of a temperature control system to keep 
the heated blocks at the same temperature as the 



furnace malls 
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Sample Holder 



These eodlfleatlone were required because radiative heat losses 



were causing unacceptable errors In the temperature distribution 

and In the heat Input measurements. It was determined that thotigh 

the geometry of the sample holder and the furnace were satlsfactoiry 

for measuring p and S It was not optimum for thermal conductivity 

andt therefore* thermal conductivity measurements of the (l-x)As 2 Se 
X Sb^Se^ samples were not attempted. 

The temperature of one of the copper blocks could be raised 
above thdt of the other by passing a DC electric current through a 
10 watt 20 n resistor* called the differential heater* which was 
moimted on one of the blocks. 

Temperature was measured using a Keithley model 14? or 143 
nanovoltmeter and one of the eopper-constantan thermocouples. 

The two remaining thermocouples (one on each block) were connected 
in a differential coimection so that their output was propor- 
tional to the temperature difference between the blocks. 

Tests were run to determine the temperature difference be- 
tween the thermocouples Imbedded In the copper blocks and the end 
of the sample. This was accomplished by connecting two additional 
thermocouples in a differential connection and then clamping them 
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In tbe Jaws of the copper blocks In place of a sample. The test 
was to let the system come to thenud equilibrium^ then use the 
differential heater to raise the temperature of one block. Since 
tbe temperature of the other block Initially did not chamge 
because of the low thermal conductlrlty the difference between 
tbe differential temperatures measured by the two pairs of theme- 
couples was the difference between the ends of the sample and the 
tbemoeouple imbedded In the block. The temperature difference 
as measured by the sample themocouples was equal to that measured 
by the Imbedded themocouples to within - i.OyV. This was the case 
even when the system was going through a thermal transient. 

The resistance and the Seebeck voltage without any sample 
were measured as the results were to be used to correct the 
measurements taken with samples when applicable. As It turned out 
tbe mslstance was 2.5 orders of magnitude higher tham that of 
the most resistive sample and the Seebeck voltage was lower than 0.01 
mV/oK over tbe temperature range used for sample measurement. 

The furnace was allowed to come to thermal equilibrium using 
a DC power souixe at constant curmnt. The temperature was not 
controlled during the Seebeck voltage measurements so that the 









-■? 
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electronic transients could be avoided » however » the average 
temperature of the samples did not change by more than 5*^ over 
any measurement period. 

To ensiire positive contact between the sample and the copper 
blocks » the jaws of the block which were to contact the sample 
were silvered with liquid silver which idien dry was 0.01mm thick 
and served as a crushable surface for the very hard glass to 
Imbed Itself and thereby produced excellent electrical and thermal 
contact. 

All of the external electric leads were shielded and grounded 
but the system still suffered from the effects of changing electro- 
static fields being created near It. 

A Princeton Applied Besearch Model I36 battery operated electro — 

meter was used for all the sample voltage and current measurements. 

2 14 

Tbs Input Impedance was variable from 10 to 10 ^ and the meter 
was Cfdllnxited using reference resistors which were accurate to 
within -.1^. The meter was accurate to + 2 %» The meter was generally 
used la a feedback mode of operation which provided a driven guard 
circuit to reduce the effects of external capacitance. Another 
electrometer* Keithley 6IOC* was tested on the system but was not 
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suoeeMftil In nMisurlng the Seebeck voltages. 

A dual channel and a six point xeeoxder were available and 
were used for monitoring all the signals to ensure that thermal 
equlllfarlun had been reached and all voltages had staballzed before 
data was recorded. 

B. Sample Preparation 

Flatakls^^^ perfected a method for making samples of the 
(l*>x)As 2 Se^*x Sb^Se^ system. The Idea was that since during air 
(Quenching the ampoule cooled from the outside ln» If It was rotating 
It would deposlte the molten material In layers and thus create a 
hollow cylindrical shaped solid body with high homogeneity. 

The materials^ Aa, Sh, and Se were of high purity. (See 
Appendix A.) Two compounds» As^Se^ euid Sb^Se^y were made separately by 
weighing the appropriate amounts to an accuracy of - 10~’^g and then 
placing the materials In cleaned Vycor ampoules. Bach ampoule 
was evacuated to 10*^ torr* sealed and then heated to 1023^K for 
three to six hours. Then they were rotated for an additional four 
hours to Insure mixing before they were air quenched as described 
above. 



To make the samples for measurement (with the exception of 




n 
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tho above proooss nas repeated using As^Se^ and Sb^Se^ 
as the constituents. Saaples vexe aade as foUowst 

*•2^3 

0 . 8As2Se^ • 0 .aSb^Se^ 

0 • 6As2Se^ • 0 ,4Sb2Se^ 

The anpooles sere cut open using a dlanond saw and 
saaples. were then cut fron the cylinder using a string saw, thus 
creating saaples which were segnents of an annulus with parallel 
sides. Typical dlaenslons were thicknesses of O.I5 oa, lengths 
of 3 CB and widths of 0.3 ca. The aeasuzeaents could be aade to 
within - 0.005 ca and, therefore, introduce an error of - 4^. 
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C. Blectrlcal Beeistivlty 

The resistance of the saaple was measured hgr using the 
electrometer in the current measuring node. Figure ^ shows the 




Figure 2 



Resistance measurement circuit 



R - 

s 



R (y - R^) 






Where t Rg* P A A 

A * cmss-sectional eucea of the sample 
active length of the sample 
R “ sample resistance 

B 

R > resistance of parallel paths 



R^ internal resistance of the electrometer 



The theoretical magnitude of the geometric correction for 



fringing of the electric field was below the experimental accuracy 
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of the equlfeent and tests conducted vlth sasplss of knoun re> 
slstivlty proved that the fringing could be neglected* 

The capacitance of the circuit exclusive of the electroseter 
was aeasured at 1000 Hs and 388<>K and found to be I 32 pf , This 
resulted In a circuit tine constant ufaloh vas aluajs faster than 
1/10 second. 

Surface contact resistance between the copper blocks and the 
saaple naterlsl was tested bgr using various saaples with various 
amounts of contact area* Under the conditions of this experiment 
no effect was found and It was* therefore, neglected* 

As noted before, the resistance of the saaple holder was 2*5 
or more orders of magnitude larger than the sample resistance and 
the Internal resistance of the electrometer could be kept to 
three orders of magnitude below the resistance of the saaple so 
that the final equation becomes, therefore, 

P“ VA 

II . 

with an ejected accuracy of - 6^. 

The distance bertween copper blocks was generally 1*5 cm or 
larger* n»erefore, since the battery was 1^5 volts, the maximum 
field on the sample was no larger than 100 volts/ca* 
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D. S 6 »'b<ck Voltage 

Proper functioning of the eq.alpnent for neftsurenent of the 

Seeheek voltage tots verified hy neasurlng the Seeheck voltage of 

intrinsic silicon up to 769^ and c<»parlng the values to those 

(10^ 

published by Geball and Hull ' \ The values were reproduced 

to within the e^rinental accuracy of their data. 

The procedure was to use the voltage node of operation of 
the electroaeter (internal resistance * 10 ^^ ohms) to aeasure 
the voltage between the copper blocks attached to the sanple. 

Then* to eliminate the effects of induced voltages and to obtain 
hij^r accuracy* the measured voltages were plotted as a function 
of the temperature difference between the copper blocks* i.e.* 
the ends of the sample. 

The measurements on silicon showed that the voltage Bieasure- 
ments were accurate only if the tempesrature gradient was not time 
dependent* i*e»* a steady state situation had been achieved. It 
was not necessary to canxct the value of the voltage for the 
difference in Seebeck voltage of the leads because the correction 
was negligibly small. It was assumed that the contact Seebeck 



voltages between the ends of the sample and the copper blocks 
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cancelled each other. 

Figure 3_ shove a typical curve of aeasured voltage against T. 
Bach point on the line mpresents values of teaperatuze, tenperature 
difference and voltage aeasured vhlch vere stable enough so that 
over a period of tvo hours the values did not change acre than a 
few percent. The slope of the line Is one data point of Input 
Into the Seeheck voltage ve»us reciprocal temperature plot» 

Figure , 



Sample Voltage [mV/®K] 
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Figure 3 

Sample Voltage vs Differential Temperature 




Differential Temperature [®K] 
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Chapter IV 

EXPERIMENTAL RESULTS AND DISCUSSION 
A, Electrical Resistivity 

Figure _4_ displays graphically the measured resistivity at 
various temperatures for three samples. The samples were not all 
taken to the sane upper temperature to avoid devitrification, however, 
as will he seen later, the 0.6As2Se^*0,4Sb2Se^ sample displayed seme 
changes In properties as a result of being taken to high temperature 
(approximately 450°K), Platakis has shown that the rate of 
devitrification Increases with temperature up to the melting point, 
and occurs faster for samples with higher Sb^Se^ content. The 
values obtained for the resistivity activation energy, Ep , agree 
quite well with the resxilts of Callaerts and Platakis 
Table }_ lists E^ values, the logarithm of the resistivity coefficent, 
Pq , and the thermoelectric power activation energy, E^, 

In the vitreous state the samples seem to be characterized 
by a single activation energy for a given composition. It will be 
shown, however. In Section IV, C, that If an amorphous sample Is 
taken to temperatxires where the devitrification rate Is significant, 
the resistivity activation energy can be expected to change. The 
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Figure 4 



Logarithm of the Resistivity vs 



Reciprocal Temperature 
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Table 1 

ACTIVATION ENERGIES 



Sample 


Ep[eV] 


Eg [eV] 


log p^ 




0.94 -0.03 


1.03 to. 08 


-3.70 


0 . 8 A 82 Se^* 0 . 2 Sb 2 Se^ 


0.84 to. 03 


0.78 to. 12 


-3.02 


0 . SAb ^ Sb ^ • 0 , 4Sb,Se« 


0.76 to. 06 


0.49 to. 10 


-3.20 



♦Beised on equation p « p exp (B. /kT) 

O M 
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■odified saaple is chazacterized ty a single resistivity activation 
energy euid yields a very linear log p vs 1/T plot over the temperature 
range covered in this work. 

The temperatures are much too high and cover too ns^rrow a 
temperature range to expect to see any T”^ dependence, and no attempt 
was made to fit the resistivity data to such a temperattare dependence. 

B. Seeheck Voltage 

Figure ^ displays the results of the Seebeck voltage 
measurements. All values are positive, thus indicating that holes 
axe the predominant carrier. The As^Se^ data is taken fr^ 

Callaerts since the data obtained during this work (presented 

in Appendix D) for the As^Se^ sample suffered frm contact problems. 
(Although too low a value for S was obtained, the observed value for 
B , the thermoelectric power activation energy, was in good 
agreement with Callaerts* results.) 

Only part of the data taken for the O.SASgSe^’O.^ASgSe^ 
samples is shown because of an apparent devitrification problem which 
was discovered during this work. This will be discussed in Section C 
of this chapter. It should be pointed out that the curve may thus 
be that of a structurally modified sample. 
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Figure 5 

Thermoelectric Power vs Reciprocal Temperature 



Temperature [®K] 





IV.B.l 
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The three curves can be fit to a etirve of the fora 

S-|(^>a) 

which corresponds to a theronoelectrlc power characteristic of 
conduction doalnated by one highly mobile single carrier. The 
error bracketts for these curves are laj^e enough) however, to 
aocoaadate many postulated curves of the fom 



IVB.2 

where 






a^, a^ « constants for electrons and holes 



a - C. exp (-(E„-E„)/kT] 



a - C^exp t-(E^-Ep)/kTl 



P “V' 
C“®F' 



Equation IV. B. 2 above Implies that two types of carriers are 
Involved In the conduction process. However, the data fit an equation 
of the form of IV.B.l to within experimental accuracy, and the thermo- 
electric activation energy obtained by this procedure confirms the 
resistivity activation energy, with the exception of the 



0. 6X8^30^ ‘O.^Sb^Se^ sample. Even the last sample, however. Is not 



very far fron agreement and, based on facts which ^tre presented In the 
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next sectiont Its value of E may 136 higher than 0.49 oV. It 

8 

can he concluded that E and Ep axe equal In value for the fully 
amorphous (l-x)As2Se^x Sb^Se^ system for x ■ 0,0 through x « 0,2, 
and It may tentatively be concluded that the equality continues 
through X “ 0,4, 

One Implication of this conclusion Is that conduction In 
this system Is probably occurlng by delocalized states since If 

(3) 

the hopping mechanism for conduction mas present, the resistivity 
activation energy would be different fJr<» the thermoelectric power 
activation energy. 

It Is possible for these samples, based on Flateikls' results, 

(2I) 

to assume that Ep lies In the middle of the gap. If Motts' results 

are accepted, then 

S - I [ (Ep-By)^ . - Y/k + ll 

where y Is the thermoelectric power temperature coefficient. 

For the samples measuired In this thesis this results In 
Y - 4,0 X lO"^ eV/®K for 0,8As2Se^*0,2Sb2Se^ 
and Y - - 0,2 X lO"^ eV/®K for 0,6As2Se^*0,4Sb2Se^ , 

Platakls^^^ measured an avexage optical temperature coefficient of 
o - - 6,6 X 10”^eV/°K for both of the above combinations, (Recall 
that these can be compeuced only after y Is multiplied by -2.) The 



<n 

X • 0.4 MJtpl* prolMibly shows poor a^preemsnt bscauss of the 
phenosenon discussed In the next section. 

C, Am»alou8 Behavior of the 0«6As^Se^«0.4Sb^3e^ Samples 

Figure 6 shows the logarithm of the resistivity vs reciprocal 
tesperatiire for one of the 0.6As2Se^«0.4Sb2Se^ samples that was 
measured in this work. Points are labled 1 through 7 in accordance 
with their timed sequence of measurement. Points 1 and 2 were 
measured after the sample had been taken to an average temperature 
of 441®K (maximum temperature 445^K). Points 3 through 7 were 
measured after the sample had experienced an average temperature of 
447^K (maximum temperature 450^K). A possible reason for the change 
in resistivity is that the sample has ei^rienced a structural 
modification. 

The elope and resistivity values represented by points 1 
and 2 are in very close agreement with the results of PlataJcls 
for samples which were known to be fully vitreous. It is presiimmodf 
on the basis of this agreement » that the sample is still predominantly 
vitreous even though it has experienced a maxinxaa temperature of 445°K. 

The thermoelectric power for this seimple was measured as a 
function of temperatiire before the above resistivity, points 1 and 2, 
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Flgxire 6 

Logarithm of the Resistivity vs Reciprocal 
Temperature for the Second 
0 . 6AS2Se 3* 0 . 4Sb2Se 2 Sample 



Tempe ra ture [ °K ] 




2.2 
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were generated. These thermoelectric power values are plotted in 
Figure 7 &s points 1 through 6, Sample 2» and can be presunmed to 
represent predominantly amorphous 0,6AB^ey0,^Qh^Se^. Points 7, 8 
and 9 of Figure 7 were made after the sample had experienced 
structural modification. Quite a significant change has taken place 
in the thexaoelectric power. The change is fax more dramatic than 
would be expected from looking at the clumge in resistivity. 

The remaining points . Sample in Figure 7 are those of a 
sample of 0.6As2Se^.0.4Sb2Se^ which had experienced a maximum temp- 
erature of 447®K and an average temperature of 444®K for about twice 
as long as the preceeding sample. This modified sample shows value 
characteristics very similar to those of Sample 2 after it was 
heated to 450®K. 

Devitrification studies by Platakls show that the rate 
of devitrification at the temperatures experienced by these is 
sufficiently high that devitrification is probably a part of the 
structural modification which Is causing the large changes in the 
thermoelectric power. Since » however, devitrification is associated 

\ x 

with local crystallization of the sample, the effect of this p 2 irtlal 
devitrification on the thermoelectric power is quite baffling since 
neither crystalline or crystalline Sb^Se^ show increas- 



Thermoelectric Power [mV/®K] 



i|4 

Figure 7 

Thermoelectric Power vs Reciprocal Temperature 



for 0.6AS2Se2*0.4Sb2Se2 




2.2 2.4 2.6 2.8 3.0 3.2 



Reciprocal Temperature, lO^/T [1/°K] 




Ing thoimoelectilc power with temperature 



One possible cause for this temperatxire dependence of the 
thermoelectric power In this apparently partially devltrlfled sample Is 
a temperature dependent Fermi energy idilch Increases with Increasing 
temperatiire I l.e,, — ® — > 0 . bowevery there Is no physical basis 
for postulating such behavior. Another possible explanation for 
this behavior Is the formation of "Islands'* of degenerate semi- 
conductor material In a "sea” of amorphous material. The resistivity 
would not be significantly affected but the thermoelectric power 
could be changed considerably. 

D. Polarisation 

It was discovered during measurements of the Seebeck volt- 
age that resistance mettsxirements which used fields of about a 
hundred volts per centimeter polarised the sample. The polarisation 
relaxed after removal of the field In an exponential manner with 
a time constant of about 110 minutes. The polarization was de- 
pendent on the amount of time the sample experienced the electric 
field but no quantitative measurements were made. 
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Chapter V 
CONCLUSIONS 

With regard to the work on the (l-x)As2SejX Sb^Se^ system 
accomplished by this thesis It Is concluded thatt 

(1) Within experimental accuracy the activation energy for 
conduction and thermoelectric power are the same for 
concentrations x - 0.0 through 0,2, At x - 0,4, the 
measxired values are not In exact agreement, but because 
of high probability that the samples measured have 
been partially devltrlfled even though they were not 
heated above the glass txansltlon temperature. It Is 
tentatively concluded that Bp and B^ are likely the 
same through at least x - 0.4. 

(2) For the higher Sb2Se^ content materials the thermo- 
electric power is more sensitive than the resistivity 
to subtle structural changes which have occurred In the 
sample. 

(3) The sample can be polarized with very low electric 



fields of about 100 volts per centimeter. 
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Chapter VI 

SUGGESTIONS FOR FURTHER WORK 

This Investigation has raised some new questions concerning 
the relationship 'between E^ and E^ for amorphous semiconductors. 

In paxtlcular, the puzzling behavior of the (l-x)As 2 Se^x Sb 2 Se^ 
system In the vicinity of x - 0,4 needs further exploration and 
better documentation. Since vitreous samples can be made with x ” 0.45» 
l.e., 0,55As2Se^*0.45Sb2Se^, It would pro'bably prove useful and 
enlightening to study that combination In connection with the 
behavior of devl trifled samples. 

Some of the work accomplished by this thesis shotild 'be re- 
done using new samples and using a modified proced\ire which measures 
the thermoelectric power starting at the lower temperatures. 

The polarization noted In this work also represents a 
potential area for study. Polarization at such a low electric field 
has not previously been reported In the llteratiire for the 
(l-x)As 2 Sejx Sb 2 Se^ system. 

The value of measuring more than one property of a material 
at a time on the same sample can not be underestimated. Very small 
changes In one property can easily go uimotlced or be attributed to 
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experluental error when, In fact, they are significant Indicators of 
considerable changes taking place In the samples. 
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Appendix A 
Table ^ 

SPECTROGRAPHIC ANAL1GSI3 

(Furnished by American Smelting and Refining Company) 



Impurities 


Arsenic 
99.999 Pure 


Antimony 
99.999 Pure 


Selenium 
99.999 Pure 




* 






Sb 


N.D. 






T1 


N.D. 


N.D. 




Mg 


<1 ppm 


< 1 ppm 




Mn 


N.D. 




N.D. 


Pb 


N.D. 


1 PP« 


N.D. 


Sn 


N.D. 


N.D. 


N.D. 


SI 


<1 ppm 


<1 ppm 


< 1 ppm 


Cr 


N.D. 


N.D. 


N.D. 


Fe 


N.D. 


N.D. 


N.D. 


N1 


N.D. 


N.D. 


N.D. 


B1 


N.D. 


N.D. 


N.D. 


A1 


N.D. 


N.D. 


N.D. 


Ca 


N.D. 


N.D. 


N.D. 


Cu 


0.1 ppm 


< 1 PP* 


<1 pi« 


In 


N.D. 


N.D. 




Cd 


N.D. 


N.D. 


N.D. 


Ma 


N.D. 






Zn 


N.D. 


N.D. 




Ag 


N.D. 


N.D. 


N.D. 


Te 


N.D. 




1 PP« 


Hg 


N.D. 




N.D. 


As 






1 PP® 


Halogen and S 






< 0.0005J^ ** 



♦ B,D, denotes •'nonedetscted*' by Standard Speetiwgraphlc Methods 
** Chemical Analysis 
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Appendix B 

EaUIPMEMT AND MATERIAL PBOBLEMS OF 
MBASUBEHEMT OF p . g AUD S 

In anticipation of other workers continuing the study of 
this transport properties of the (l>x)As 2 SejxSh 2 Se^ systea, several 
of the pitfalls of experlaental techniques are presented. The 
following Is broken Into two najor areas. The flnt Is concerned 
with the apparatus and thoufd^ soae of the considerations are 
general In nature « most of then are specific to the equipment 
used. The secoiid area of Interest Is the materials auid how their 
properties caxise difficulties In measurements. 

The first major problem that was encountered after Initial 
design and construction of the apparatus was that the tubing would 
occasionally breaJc under vacuum. Vhen this occurred at high 
temperature the No. 40 wires generE^ily oxidised to dust. The 
problem was finally traced to the teflon end cap. Teflon had been 
used so that the feed-throughs woxild have very high resistance 
between circuits. The cap was 8mm thick In the direction of the 
axis of the tube suid had sm Inner diameter of and an outer- 
diameter of 6lmm (except for the 0-rlng groove) for the cylindrical 
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portion that fit 40nn over tho glass tube. The glass tube would 
break because the vaemu would cause the exid disc to defozn 
slightly Into a concave shape. This deformation caused an outward 
rad i a l strain on the glass tube, placing It in tension. Even 
though the glass had been annealed the tension was great enough to 
cause breakage. The problem was solved by using a copper Insert 
which sealed to both the glass tube and the teflon end cap but 
never put the glass Into tension. 

It Is most common In experiments like these to measure 
temperature and differential temperatures with thermocouples. 
S<Mietimes the thermocouple Is embedded Into or attached to the 
sample. To keep parallel resistance paths to a minimum, the 
thermocouples for this apparatus were to be embedded In the copper 
blocks but electrically Insulated from them. It was determined by 
measurements that Sauerelsln ceramic cement with resistance of 
lO^to 10^ n to the block was not adequate. The final solution was 
the use of an alumina Insert which was drilled to allow the 
thermocouple to be placed In a small cylindrical hole and cemented 
there with Saass^eisfn, and idilch was shaped to allow it to be 
Inserted Into another hole in the jaws of tho copper blocks where 



It was also cemented by using Sauerelsen. The use of the cement 
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Improved the theimal contact but did not degrade the electrical 
resistivity. 

Thermal conductivity measurements were abandoned because 
the copper blocks and bed plate assembly were of a very poor 
geometry for obtaining a linear guarded system which co\ild 
accurately measure small values of Guarding here refers to 

themal guarding idilch reduces thermal leaks and blackbody radiation, 
a very serious source of error at other than cryogenic temperatures. 
It Is not practical to attempt to measure high electrical resis- 
tivity, low voltage and low thermal conductivity using the same 
sample holder If vide ranges of temperature are Involved. 

Thermal steady-state and voltage steady-state problems, 
as mentioned In the main text, can Introduce significant error Into 
the measurements. It was necessary to use long periods of time 
to ensxire that steady-state conditions existed before readings 
were accepted. A strip chart recorder was very valuable for this 
purpose because trexxls could be easily spotted on the chart. 

The last equipment problem to be discussed Is a problem 
that Is coamon to all electrical measurements on highly resistive 
samples. The problem Is Induced voltages and grounding. A 
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comaon aiid good grottni Is an absolute necessity. f\^ure to have 
one sill result in random drift In the voltage readings. The 
effects of Induced voltages can be reduced by proper groundlngt 
shielding and Insulating. A couple of "tricks" can also be used. 

There ax9 available some special sprays which reduce static 
electricity. The other trick Is to keep all leads as short as 
practicable. 

The sample Itself can Introduce experimental difficulties. 

The very brittle nature of the amori^ons materials makes handling 
them a very sensitive operation. Bj^erlmentSf In general t should 
be conducted In a manner idilch minimizes handling of the sample. 
Another problem idileh also stems fxon their brittle nature Is 
that of making contact with the sample. The use of liquid silver 
(GC Electronics No. 21-2 Silver Print) In this experiment apparently 
adequately solved that problem » as silver adheres well to these 
glassy materials and also has good conduction properties » and 
does not seen to "block" conduction ast for example » aluminum does 

The use of an electrometer to directly measure the resistance 

of these samples is not advised because the Seebeck voltage is 
luxge enough atm? the sample current s m al l enough idien the Internal 
electrometer power supplies are used that it affects the resistance 
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measaxeaents . 

Using a 'battery and an ameter (electrometer) to measure 
voltage and current and thus calculate the resistivity is also 
not without problems. As noted in the results section» a field 
of about 100 volts/cm causes polarisation which decays away with 
a half life of approximately 110 minutes. Millivolt measurements 
talcen during this decay time will not be correct. 
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